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Abstract 
Dispensing miniature volumes of a ferrofluid is of fundamental and practical 
importance for diverse applications ranging from biomedical devices, optics, and self-
assembly of materials. Current dispensing systems are based on microfluidics flow-
focusing approaches or acoustic actuation requiring complicated structures. A simple 
method is presented to continuously dispense the miniature droplets from a ferrofluid 
reservoir. Once a jet of the ferrofluid is subjected to a constrained flux through a 
membrane and an inhomogeneous magnetic field, the jet experiences a curvature-driven 
instability and transforms to a droplet. Ferrofluid droplets in the range of 0.1–1000 nl are 
dispensed with tunable dispensing frequencies. A model was developed, which predicts 
the dispensed volume of the ferrofluid droplets with an excellent agreement with the 
measurements. 
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1. Introduction 
Ferrofluids are fluids with properties tailored on the nanometer scale.1 They 
consist of single domain magnetic nano-particles dispersed in a liquid carrier. As their 
properties are remotely tunable by a magnetic field, the ferrofluids are exploited in a broad 
range of disciplines2,3 including magnetic drug targeting,4 cancer treatment by magnetic 
hyperthermia,5 contrast agent in magnetic resonance imaging (MRI),6 magnetic-capillary 
self-assembly,7,8 optics,9 sensors,10 and mechanical sealing and acoustic.11 In these 
implementations, dispensing a small volume of fluid is in demand.12 Current systems for 
dispensing the ferrofluid droplets at small volumes are mostly based on the microfluidics 
flow-focusing approaches,13,14 induced acoustic actuation,15 or conventional injection 
systems, requiring complicated dispensing systems.  
Here, we show a facile approach to continuously dispense nano/pico liter ferrofluid 
droplets from a ferrofluid reservoir. In this approach, the ferrofluid reservoir is covered 
with a membrane. An imposed inhomogeneous localized magnetic field to the reservoir 
generates a continuous jet of the ferrofluid. Once the jet flows through the membrane, the 
jet experiences a constrained flux. The combination of constrained flux and 
inhomogeneous magnetic force results in the thinning of the ferrofluid jet. As the 
ferrofluid jet becomes thin enough, it goes through a capillary induced instability and 
breaks into a droplet. Volumes of the dispensed droplets are tuned in the range of 0.1–
1000 nl by the induced magnetic field and hydraulic resistance of the membrane. The 
developed approach promises a simple route to dispense a miniature volume of the 
ferrofluid with no complex injection systems. 
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2. Experimental platform and results 
The experimental platform for dispensing the ferrofluid droplets is shown in Fig. 
1. A ferrofluid reservoir is covered with a membrane and is subjected to a localized 
magnetic field. The ferrofluid, herein, is an oil-based ferrofluid (EMG909, Ferrotec, Inc.). 
Two types of membrane, Polycarbonate (PCTE) and Polytetrafluoroethylene (PTFE), with 
a range of pore sizes are studied in this work. The magnetic field is localized at the center 
of the membrane to suppress formation of simultaneous droplets. Dynamics of the 
ferrofluid droplets is visualized with a high-speed camera (Phantom V711, vision 
research). Since the generated droplets are small, we coupled macro lens (MP-E65mm, 
Canon) or a Nikon microscope (ECLIPSE LV100ND) with the high-speed camera to 
visualize the dynamics of the ferrofluid droplets. 
In the absence of a membrane, if the ferrofluid reservoir is subjected to a magnetic force 
lower than a threshold value, the ferrofluid-air interface adopts a hump shape to satisfy the 
static fluid equation, which includes magnetic, gravitational, and surface tension forces.16 
As the magnetic force exceeds this threshold value, the static hump interface transforms to 
a jet of the ferrofluid, as shown in Fig. 2(a). In jet regime of the magnetic force, if a 
membrane is introduced on top of the ferrofluid reservoir, the continuous jet of the 
ferrofluid ruptures and the jet transforms to a droplet, as shown by the time steps in Figs. 
2(b)–2(h) (Multimedia view).  
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Although the formation of only one droplet is shown in Figs. 2(b)–2(h), dispensing of the 
droplets continues indefinitely (see Fig. 2, Multimedia view). The jet of the ferrofluid, 
which leaves the membrane, accelerates in the inhomogeneous magnetic field toward the 
magnet. As the jet-front moves toward the magnet, the jet progressively thins down 
because of the constrained flow rate through the membrane and the inhomogeneous 
magnetic field. At a critical radius, necking occurs in the jet resulting in the back flow of 
ferrofluid to the reservoir and rupture of the ferrofluid jet. We divided the droplet 
dispensing process into two regimes: (I) the time interval in which the jet-front moves 
from the reservoir to the magnet, 𝑡! (i.e., Figs. 2(b)–2(d)). (II) The time interval after 
regime (I) till rupture of the ferrofluid jet, 𝑡! (i.e., Figs. 2(e)–2(g)). 
Figure 1. Schematic of the experimental platform. The experimental apparatus comprises a ferrofluid 
reservoir, a porous membrane, and a localized permanent magnet. The ferrofluid is an oil-based 
ferrofluid. The localization of magnetic field suppresses the formation of simultaneous droplets. 
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Figure 2. A ferrofluid reservoir is exposed to a localized inhomogeneous magnetic field. (a) A continuous 
jet is formed in the absence of a membrane and (b)–(g) a jet transforms to a droplet. The membrane 
in this figure is a polycarbonate membrane (PCTE) with 10  𝝁𝒎 pore sizes.  
Volume of the ferrofluid droplets is determined by summation of dispensed 
volumes in regimes (I) and (II). We measured the dispensed volume in regime (I) through 
image analysis of the ferrofluid jet just before touching the magnet. The volume in regime 
(II) is determined through the integration of mass flux through the membrane in the 
measured time interval of 𝑡!. We noticed that in all the experiments, the dispensed volume 
in regime (II) is less than 20% of the total dispensed volume of the ferrofluid. The 
measured dispensed volumes of the ferrofluid are shown in Fig. 3 as a function of the 
imposed magnetic field at the membrane surface. In general, at a given magnetic field, a 
membrane with smaller pore size (higher hydraulic resistance) generates smaller dispensed 
volume of the ferrofluid. Since the stiffness of PCTE membrane is low, deformation of the 
membrane occurs at high magnetic fields (≥ 100  𝑚𝑇). For this reason, we used PTFE 
membrane for the experiments at these high magnetic fields. Through the developed 
approach, we dispensed the ferrofluid droplets in the range of 0.1–1000 𝑛𝑙.  
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Figure 3. The measured volumes of the ferrofluid droplets are shown as a function of the localized magnetic 
field at the membrane surface. High hydraulic resistance of membrane and high magnetic field lead 
to smaller volume of ferrofluid. Volume of the generated droplets varies between 0.1 and 1000 nl. 
We emphasize that dispensing lower volume of the ferrofluids can be achieved by a higher 
magnetic field or utilization of membranes with higher hydraulic resistance. Furthermore, 
we measured dispensing frequency of these droplets by various membranes as shown in 
Fig. 4. 
6	  
	  
 
Figure 4. Dispensing frequencies of the generated droplets are shown as a function of the localized magnetic 
field at the membrane surface for various types of membrane. This frequency is tunable by the 
imposed magnetic force and hydraulic resistance of the membranes.  
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3. Theoretical model 
In the next step, we developed a model to predict volume of the dispensed ferrofluid 
droplets. The fluid flow through a membrane is characterized by Darcy’s law written as 
 0 = −𝛁𝑝 − 𝛽𝒒+ 𝜌𝒈+ 𝒇!, (1) 
where 𝑝 denotes the hydrodynamic pressure, 𝛽 = !!   is the ratio of fluid viscosity to 
inverse of hydraulic resistance of membrane, 𝒒 is the local average fluid velocity, 𝜌 is the 
fluid density, 𝒈 is the gravitational acceleration, and 𝒇! is the magnetic body force 
density. The magnetic force density is a function of the ferrofluid susceptibility and the 
imposed magnetic field and is given by 
 𝒇! = 𝜇!𝜒𝛁𝐇𝟐, (2) 
where 𝜇! denotes vacuum magnetic permeability, 𝜒 is the susceptibility of the ferrofluid, 
and 𝐇 is the magnetic field. The imposed magnetic field is higher than the saturation 
magnetization of the studied ferrofluid (22 mT), thereby the expression of magnetic force 
density is simplified to 𝒇! = 𝜇!𝐌𝛁𝐇, where 𝐌  (= 𝜒𝑯) (denotes magnetization of the 
ferrofluid. Integration of q over the base area of the jet, 𝐴, provides volumetric flux of the 
ferrofluid through the membrane,𝑄!. For a ferrofluid jet flowing through a thin membrane 
(thickness of 10 𝜇𝑚), contribution of hydrodynamic pressure and the gravitational force 
are negligible thereby 𝑄! = 𝛽!!𝒇!𝑑𝐴. Thus, the dispensed volume of the ferrofluid 
droplet is written as 
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 𝑉! = 𝑄!𝑑𝑡,!!  (3) 
where 𝑡 denotes the time interval of the ferrofluid flow through the membrane before 
rupture. We determined dispensed volumes in regime (I), 𝑉! and in regime (II), 𝑉! sepa- 
rately through Eq. (3) and summed together to predict the total volume of the dispensed 
ferrofluid droplets. 
The magnetic field is expressed as 𝑯 = 𝑩𝜇!!!(1+ 𝜒)!! , where 𝑩 denotes induction 
magnetic field. We simulated the induction magnetic field of the considered permanent 
magnet by COMSOL. The simulations suggest that the gradient of induction magnetic 
field in other coordinates is much smaller than in the 𝑧 coordinate, and consequently, are 
neglected. The spatial dependence of the induction magnetic field, 𝑩, is measured by a 
Teslameter (HT20 SMA105010) and is well described by 
 𝐵 = (𝛼 ln 𝑑 − 𝑧 + 𝛽), (4) 
where 𝑑 denotes the distance between the reservoir and the magnet, and 𝛼 and 𝛽 are the 
fitting coefficients (𝛼   = −0.028 and 𝛽 = −0.1069). The momentum conservation for 
the ferrofluid neglecting viscous and convective terms is given by 
 𝜌 𝜕𝒗(𝑥, 𝑡)𝜕𝑡 = −𝛁𝑝 + 𝜌𝒈+ 𝒇!, (5) 
where 𝒗 𝑥, 𝑡  denotes the velocity of the ferrofluid. Thus, the motion of the ferrofluid is 
adequately described as a function of 𝑧 by Eqs. (2), (4), and (5). We integrate Eq. (5) to 
determine the velocity of the jet-front in regime (I), !𝒗(!,!)!"!! 𝑑𝑧 = 𝑣𝑑𝑣!(!)!! , where 𝑣! 
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denotes the velocity of the ferrofluid at the membrane surface and is equal to 𝛽!! = 𝒇!. 
Given the velocity of jet-front, the time interval of regime (I) is determined as 𝑡! =𝑣!!𝑑𝑧!! . The determined time interval provides the boundary of the integral in Eq. (3) to 
predict the dispensed volume in regime (I). We emphasize that only properties of the 
ferrofluid, hydraulic resistance of membrane, and the applied magnetic field are required 
to predict 𝑉!. 
The dispensed volume of the ferrofluid in regime (II), 𝑉!, is determined through Eq. (3) 
and 𝑡!. One needs to calculate the dynamics of jet necking, 𝑟(𝑡), and the rupture radius, 𝑟!, 
to extract value of 𝑡!. As discussed, the limited flux through the membrane and the 
induced inhomogeneous magnetic field results in the thinning of the ferrofluid jet. For a 
thin jet of the ferrofluid, the pressure of ferrofluid is dominantly influenced by Laplace 
forces rather than gravitational and magnetic forces. This induced pressure by curvature of 
the ferrofluid jet results in the back flow to the reservoir and thereby necking of the jet. 
We determined the critical radius for necking of the ferrofluid jet through the integration 
of Eq. (5). At the critical radius, 𝑟!, velocity of the ferrofluid at the necking point becomes 
zero and thereby 
 𝜅𝛾 − 𝜌𝑔𝑧 + 𝜇!𝑀𝐻 = 0, (6) 
where 𝜅(= !!!) denotes the curvature of the ferrofluid jet. Note that the first curvature of 
the ferrofluid-air interface is so small and negligible. Equation (6) is solved to determine 𝑟! for rupture of the ferrofluid jet. The predicted values of 𝑟! for one representative 
10	  
	  
membrane are compared with the measured experimental values of 𝑟! in Fig. 5. The 
comparison between the prediction and measurements is excellent for all the experiments. 
Once the critical radius of the rupture is determined, the temporal dependence of jet’s 
radius at the necking coordinate is required to determine the dispensed volume in regime 
(II), 𝑉!. The conservation of mass requires that mass flux, 𝑄! = 𝜋𝑟! 𝑡 𝒗 𝑧, 𝑡 = 𝑐𝑠𝑡. The 
derivative of this equation with respect to time is written as 
 𝜌 𝜕𝒗𝜕𝑡 = −2𝜌𝑄!𝜋 𝑟(𝑡)!! 𝜕𝑟𝜕𝑡 , (7) 
where 𝑟(𝑡) denotes temporal radius of the ferrofluid jet at the rupture coordinate, Fig. 
5(a). We combined the conservation of mass, Eq. (7), and the conservation of momentum, 
Eq. (5), to derive the governing equation of jet’s radius 
 𝑟(𝑡)!! 𝜕𝑟𝜕𝑡 = 𝛾𝜋2𝑄!𝜌𝑧! 1𝑟 𝑡 + 𝜋2𝑄! (𝑔 − 𝑓!𝜌 ), (8) 
where 𝑧! denotes the vertical coordinate at the rupture point (see Fig. 5(a)). 
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Figure 5. (a) A thinning ferrofluid jet. (b) The predicted critical radii for rupture of the ferrofluid jet are 
compared with the experimentally measured ones. The membrane for this representative 
experiment is PCTE membrane with pore size of 5 𝝁𝒎.  
Note that the pressure of the ferrofluid at the base area is equal to the ambient pressure. 
The boundary condition required to solve Eq. (8) was determined from the experiments. 
This boundary condition corresponds to the radius of the ferrofluid jet at the rupture 
coordinate once regime (II) starts. Equation (8) is solved with the Mathematica program 
and for a representative experiment; 𝑟  (𝑡) is shown in Fig. 6. Furthermore, the measured 
temporal radii of the ferrofluid jet at the rupture coordinate (captured by the high-speed 
camera) are shown in Fig. 6. Given the functions 𝑟  (𝑡) and 𝑟!, we predicted the time 
interval of the ferrofluid flow in regime (II), 𝑡!, and consequently dispensed volume in 
regime (II) through Eq. (3).  
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Figure 6. Temporal radius of thinning jet at the rupture coordinate is predicted and compared with the 
measured radii for the PCTE membrane with the pore size of 5 𝝁𝒎. The imposed magnetic field in 
this experiment was 30mT. The agreement between the predictions and the experiments is good for 
all the experiments. 
Summation of the dispensed fluid in regime (I) and regime (II) gives the total dispensed 
volume of the ferrofluid. The predicted dispensed volumes of the ferrofluid, 𝑉!, are shown 
in Fig. 7 for a range of representative membranes. Also, the measured dispensed volumes 
are included in this figure. The predictions are in good agreement with the measurements. 
We note that the dispensed volume in regime (II) for all the experiments is less than 20% 
of the total volume. That is, the major portion of the ferrofluid is dispensed in regime (I). 
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Figure 7. The predicted dispensed volume of the ferrofluid is compared with the measured experimental 
volumes as a function of the magnetic field at the membrane surface for a range of representative 
membranes. The dispensed volume can be tuned through hydraulic resistance of the membranes 
and the magnetic field. 
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4. Conclusions 
In conclusion, we present a facile approach to continuously dispense pico/nano liter 
volume of the ferrofluid from a ferrofluid reservoir. In this approach, constrained mass 
flux of the ferrofluid through a membrane, accompanied by an imposed inhomogeneous 
magnetic field, leads to generation of the ferrofluid droplets in the range of 0.1–1000 nl. 
Hydraulic resistance of membranes and the magnetic field tunes the dispensed volume and 
the dispensing frequency. 
Furthermore, we developed a model to predict the dispensed volume of the ferrofluid 
given the properties of the magnetic field, ferrofluid, and the membrane. There is an 
excellent agreement between the model’s predictions and the measurements. The 
developed approach promises a simple route to dispense the miniature volume of the 
ferrofluid in biotechnologies, optics, energy systems, and even aerospace technologies 
without any complex droplet generation devices.17 
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